Gauge invariance dictates that a resonance produced from initial state gluons must be produced through a non-renormalizable operator or a loop process. Should such a resonance be discovered, uncovering the dynamics that give rise to its couplings to gluons will be crucial to understanding the nature of the new state. Here we study how the production of this resonance at high transverse momentum in association with one (or more) jets can be used to directly measure the scale of the operator or the mass of the particles in the loop. We use a 750 GeV diphoton resonance as an example application, and we study how the non-renormalizable operator case can be described by a slowly converging effective field theory (EFT) expansion with operators of dimension five and seven. We show that with O(100) events, one can put strong constraints on the scale of the EFT, particularly in theories with strong coupling. We also compare the EFT analysis to that of a UV completion with vector-like quarks, and outline how the mass of said quarks could be measured.
Introduction
The excess in the diphoton spectrum observed by both ATLAS [1] and CMS [2] has received tremendous interest from the theory community (for a review, see [3] ). Should this excess be a real state, the most common explanation in the literature is a spin-0 state coupled to the gluon and photon field strength tensors. If this is the case, then there must exist additional states beyond the Standard Model (SM) [4] because the couplings to the field strength tensors are nonrenormalizable operators. If the additional states are sufficiently heavy, the dynamics of the new resonance, which in this work we call φ, can be described by an effective field theory (EFT), as has been emphasized in [5] [6] [7] .
At sufficiently high energy, the effective field theory will no longer be a good description. If this new state emerges from a strongly coupled theory [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , as implied by the hints of it having a large width in the ATLAS data [1] , then one might expect EFT to break down at quite a low scale. In this work we investigate this possibility by looking at production of φ in association with one (or more) high p T jets so that the φ also has large transverse momentum. This kinematic configuration can resolve the dynamics that generate the higher dimensional operators in the EFT.
This technique has been explored in the context of Higgs physics [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] to explore if there are contributions to the Higgs coupling to gluons in addition to those from the SM. The case of a new resonance is qualitatively different from the Higgs, however, because for the Higgs we know that the dominant contributor to the loop is the top quark, and most previous work focuses on searching for small additional effects. For a new resonance, especially if it has significant decays to γγ, the top and other SM states must be subdominant contributions to the gluon loop, so we are here searching for the leading effects in the generation of that loop.
An alternative way to look for breakdown of EFT is of course to directly observe new states. The technique we will describe is complementary to direct searches because it can unravel the nature of the interactions of any new states with the φ. Furthermore, exploring associated production with jets is independent of decay modes of additional new states, so if those new states are somehow buried under background, they can still be uncovered with indirect techniques.
In this work we will show that the p T distribution of the φ can probe the breakdown of the EFT, or alternatively probe the details of the underlying UV completion. For concreteness, we will use the mass and cross section of the resonance hinted at here [1, 2] , but we stress that this technique applies to any resonance coupled to gluon pairs. This follows from gauge invariance: there is no renormalizable operator one can write down that couples two gluons to one state, so new states must mediate this interaction. If the new states are heavy, one can describe the interaction via non-renormalizable operators, but if the new states are light then their full effects must be included. Should any such resonance be discovered, whether it be the 750 GeV diphoton resonance hinted by the 2015 data [1, 2] , or some eventual discovery in the forthcoming runs of LHC or a future hadron collider, the work presented here will be a useful post-discovery tool in many BSM scenarios.
This work is organized as follows. In Sec. 2 we describe our effective field theory analysis of φ + jet production and show how considering dimension seven operators can significantly affect the p T distribution, especially at high p T . Then we describe our statistical procedure to place a lower bound on the scale of the EFT, and show how strong of a lower bound one can place as a function of the total number of φ events. In Sec. 3 we compare the EFT analysis to a UV completion with vector-like quarks (VLQ). We show that the two computations agree when the p T is low compared to the VLQ mass and disagree at high p T as expected. We then explore different features that appear in the spectrum with a genuine UV completion. Conclusions and descriptions of ways to improve and refine the analysis are given in Sec. 4.
Effective Field Theory Description
If the new states in addition to φ are sufficiently heavy, then production of a scalar (pseudo-scalar) φ at a hadron collider is dominated by the following dimension five operator:
where g s is the SU (3) gauge coupling,
ν is the usual gluon field strength tensor, c 1 (c 1 ) is a dimensionless coupling constant and Λ is the scale of the EFT. For the pseudo-scalar, G a µν = 1 2 µνρσ G aρσ is the usual dual field strength tensor. At next-to-leading order in the EFT expansion, one expects dimension seven operators such as
to become relevant, and we generically expect that c 2 is parametrically the same size as c 1 . For processes at scales much lower than Λ, the operators in Eq. (2) will be subdominant relative to those in Eq. (1). On the other hand, by probing processes at higher energies, one can see where the effects of the dimension seven operators become significant, and therefore measure the scale Λ. By looking at the structure of the operators in Eq. (2), its clear that the process of φ + jet production is a way to access the high energy behaviour of dimension five and dimension seven operators, and that is what we study in this section. We note that there are other dimension seven operators consistent with the SM gauge symmetry that lead to φ + jet production [42, 43] , and these are studied in more detail for the Higgs in [28] . For a specific UV completion, one can compute the coefficients of all higher dimensional operators in terms of a few UV parameters. In this work we will, for simplicity, focus on the dimension 7 operators in Eq. (2) as a way to parameterize the breakdown of the EFT, and we leave a full study of all operators and interference effects to future work.
We simulate events using FeynRules [44] to create the model with a φ of mass of 750 GeV that couples to both the photon and gluon field strength tensors, implementing the operators in Eq. (1) and Eq. (2) for the gluons. We then use the Madgraph 5 [45] , Pythia 6 [46] , Delphes [47] pipeline to simulate events at leading order. We also simulate the background using the same pipeline, and we apply a QCD K-factor of 2 [48] to the background. We require that all events have at least one jet with p T,j 1 > 100 GeV and pseudo rapidity, |η j | < 5. In addition, we require exactly two photons with p T,γ > 20 GeV and |η γ | < 2.5 and with an invariant mass in the range 680 GeV < m γγ < 820 GeV.
As a proof of the principle, we show the p T spectrum of φ production in Fig. 1 for the case where dimension 7 operators are turned off (left figure) and turned on (right figure). Here we see that at high p T the effects of dimension seven operators become pronounced. Unfortunately, the spectrum is a rapidly falling function of p T , so significant luminosity is required to see any effects for large Λ. We do know that substantially more data will be taken at the LHC, and we here quantify how much is needed to measure or exclude a given value of Λ.
The effects of dimension seven operators are expected to become important when the energy flowing into the vertex is of order Λ. This occurs when each of the φ and the jet carry energy of Λ/2. Here we use p T as a stand in for energy: we probe the existence of a given value of Λ by placing a p T cut of Λ/2 on both the leading jet and the diphoton system, and then ask the total cross section when this cut is applied. We compare the number of events that pass this cut as well as all the pre-selection cuts described above for a fixed Λ to the number of events with Λ = 10 TeV to capture the effects of only including the dimension five operator. We also include
1.3 × 10 −2 9.5 × 10 −3 9.2 × 10 −3 Table 1: Table of cross sections computed for this study for three scalar benchmarks. The inclusive φ production is taken from the experimental result [1, 2] , while the background is the cross section from continuum diphoton production requiring 680 < m γγ < 820 GeV and p T (γγ) > Λ/2 GeV. The bottom rows are the cross section for the given Λ assuming the cross section from the first row and requiring that the p T of φ be greater than Λ/2 GeV.
continuum diphoton background in both samples, but we require 680 < m γγ < 820 GeV. The cross sections for various representative values of Λ with a p T cut of Λ/2 are shown in Table 1 .
In our analysis we set all couplings c i equal to one for simplicity. We note however, that because we are using normalized spectra, rescaling all c's simultaneously will not affect the shape of the spectra. In other words, because the total production cross section of the φ is assumed to be known, this gives a measurement of c so we do not need to care about it our analysis. Changing the size of c 1 relative to c 2 will change the results of the analysis, but we do not consider that here. This is discussed further in Sec. 4 .
Having computed the cross section of signal plus background for a given Λ with a p T cut of Λ/2, we can compare this to the cross section for very large Λ plus background. We then want to estimate how much data it would take to discriminate between these two possibilities, which could in turn put a lower bound on the value of Λ. In order to compute this, we follow the hypothesis testing procedure described in, for example, [49, 50] . The number of events for the two distributions is given by Poisson distributions around the expected number of events:
We can then use a general procedure for finding the overlap between two distributions, f and g which is to solve the equation
for x 0 . We have taken the mean of f to be less than the mean of g. 1 Then the confidence level with which you can separate the two distributions is the value of that integral. This is shown in Fig. 2 for the example of 50 and 74 events which can be separated at 95% confidence. Given this procedure we can now determine how much luminosity is needed to separate the two hypotheses in Eq. (3) as a function of Λ. This is shown in Fig. 3 for both the scalar and pseudo-scalar case. We also show the ±1σ uncertainty on this limit which is calculated by a one sigma upward (downward) fluctuation on hypothesis 1 and downward (upward) fluctuation on hypothesis 2, assuming that our data is distributed according to a Poisson distribution. The limit is shown as a function of luminosity, but it is normalized to the total number of φ events produced at the LHC. For the case of the 750 GeV resonance from [1, 2] , the cross section used , and the shaded area under both distriutions corresponds to 5% probability, so these two hypotheses can be separated at 95% confidence. for normalization is 8 fb, but this analysis would apply to any resonance discovered in the future, although an adjustment may be nessesary if the signal to background ratio is significantly different.
We have performed this analysis for the scalar and pseudo-scalar cases, although the results are similar. This is because, to a reasonable approximation, the scaling of the cross section with Λ can be computed by dimensional analysis, so this analysis is rather insensitive to the Lorentz structure of the vertex. The results for both cases are shown in Fig. 3 . Fig. 3 shows us that with a relatively modest luminosity, enough to produce O(1000) φ events, one can put a lower bound on Λ around the mass of the φ of 750 GeV. This will be particularly interesting if the resonance has a broad width as hinted by the ATLAS data [1] , which would point to strong coupling and a relatively low scale. In such a scenario, its possible this technique will fail to rule out specific values of Λ when the actual limit differs significantly from the expected limit, in which case one could refine the statistical procedure to determine how to measure Λ directly, but we leave this possibility to future work.
Our limit procedure involves treating the effective field theory as a good description all the way up to the kinematic limit of the collider, but at very high energy, especially for low Λ, the EFT is no longer an accurate description. There will, however, be some transition region where it is approximately correct. The regime of validity, or alternatively the accuracy of the EFT approximation, can be improved by including the dimension 7 operators as we do. Furthermore, in the case of a strongly interacting UV completion, naive dimensional analysis would indicate that the EFT is good up to a scale ∼ 4πΛ. Finally, because of the rapidly falling parton distribution functions, most of the rate is coming from the region of phase space just above the p T cut. Therefore, even though some of our calculation is strictly outside of the regime of validity of the EFT, the bulk of the information is coming from the transition region, exactly the one we are trying to probe, and the EFT is the only way to do so model independently.
Example UV Completion: Vector-like Quarks
We are interested in probing the high energy behaviour of our putative resonance, and at high energy the effective field theory no longer becomes the correct description. We therefore want to understand how this analysis connects with a genuine UV completion for the effective field theory.
As an example, we will take the well studied vector-like quark (VLQ) model or VolksModell 2 [51]. The field content in addition to φ is a set of fermions Q andQ which are colour triplets and vector-like under the SM gauge group. Then we add the Yukawa coupling
which, along with the gauge interactions of Q, is sufficient to generate the scalar higher dimension operators of Eq. (1) and Eq. (2). There may be other dynamics that cause the Q to decay, but that does not affect the phenomenology considered here. We take the Q mass to be larger than m φ /2 so that on-shell decays of φ toQQ are forbidden, allowing for a substantial branching fraction to photon pairs. This model has the same structure as the SM Higgs coupling to the top quark, and that coupling of course is the dominant mediator of Higgs production via gluon fusion at the LHC. Therefore, we can compute the production of φ + jet using the SM formulae [52, 53] by making the translation
where α W is the fine structure coupling for the SU (2) gauge group of the SM. We compute the p T spectrum of the φ at parton level using the analytic results and requiring |η j | < 5, |η φ | < 2.5 and p T,φ > 100 GeV. We do not simulate the decay of the φ, so our simulation is not identical to the EFT case of Sec. 2, but we will see that the approximations are reasonable. Because we are using normalized distributions, the value of λ does not affect our analysis. This is analogous to how the overall scaling of the c i 's in the EFT analysis is also unimportant. Therefore, we can compare the EFT and VLQ computations with the simple translation Λ = m Q . When doing this comparison, we first note that the EFT and the UV completion should agree for large Λ and heavy m Q . As a test of our computation, we compare the p T distributions obtained from the EFT and from this UV completion in Fig. 4 . We see that for large Λ and m Q in the brown curves, that the two calculations agree completely. For intermediate Λ = m Q = 1250 GeV, we see from the green curve that they agree at low p T , but that the EFT over-estimates the cross section at high p T . At low m Q , the full loop effects of the VLQ's should be included to get a correct calculation and one is outside the regime of validity of the EFT. This is also evident from the red curves in Fig. 4 corresponding to Λ = m Q = 750 GeV, which look quite different for p T 600 GeV. We now analyze how well the mass of underlying fermion in this particular UV completion is encoded in the p T spectrum. As we see in Fig. 4 , the spectrum is still a rapidly falling function of p T , even for very low values of m Q . Therefore, we find it useful to look at ratios of normalized p T spectra, which are shown in Fig. 5 . Namely, we study the ratio of the p T spectrum for fixed m Q relative to that of m Q = 10 TeV to compare a fixed mass to the EFT limit, analogous to the procedure used in Sec. 2. For p T m Q , we see that the full theory predicts a faster falling spectrum than the EFT limit as expected when the propagator of the internal fermion is dominated by momentum rather than mass at low energy. Fig. 5 also shows that before the cross section begins to fall relative to the EFT, there is a rise and a peak at slightly below m Q . This arises because of theinitiated sub-process where all the energy of the process flows through a triangle loop of fermions. At s = 4m 2 Q , the triangle loop function goes from being real to being complex and there is a discontinuity in the derivative. This does not occur in the qg or gg initiated processes because of the structure of the diagrams. 3 This behaviour can be seen in Fig. 6 where we plot the parton level cross section for the three different initial states as a function of √ s. We see that the total cross section is dominated by the gluon initial state and at low s. For relatively large masses, the very boosted regime uncovers the importance of theinitiated process. If one were to get sufficient events, one could make out the peak and directly measure m Q should a model with this behaviour be the correct UV description. One possibility to enhance the signal would be to look at kinematic variables such as rapidity distributions and jet binning in order to discriminateinitial states relative to the others [54] [55] [56] . This could allow a more rapid discovery of the peak feature seen at √ s = 2m Q implying a precise measurement of the mass of the particle in the loop.
One could apply the same statistical procedure from Sec. 2 to the p T spectrum for the UV completion, though care must be taken because there is a rise before the spectrum falls, so integration, namely counting all events above a p T cut, could wash out some of the differences between the EFT and the full model. The results will be similar to Fig. 3 , but further study is necessary to optimize the cuts in order to fully take advantage of shape of the distribution. On the other hand, the shape is specific to this type of model, and not necessarily generic, so we leave Fig. 3 in the effective field theory as our main result.
Summary and Outlook
In this work, we have introduced a method to probe the underlying mechanism for a resonance produced from gluon initial states. In particular, we study events where a high p T jet is produced in association with the resonance. Our analysis focuses on a scalar or pseudoscalar resonance with a 750 GeV mass that decays to photon pairs. For the case where effective field theory is a good description up to the scale Λ, we implemented a statistical method to derive lower bounds as a function of luminosity on the value of Λ. We see that for values of Λ close to the TeV scale, one can probe these scenarios with as low as O (1000) events. We can also consider a UV completion for the model with vector-like quarks running in the production loop. This matches the EFT analysis quite well for heavy vector-like quarks, but new features emerge if the additional new states are at the TeV scale.
Our analysis only accounts for statistical uncertainties in both the signal and the background, but a realistic analysis must also treat systematic uncertainties. One source of such uncertainties arises from the diphoton mass resolution. Typical values for the background are of 2-4% at masses near 750 GeV from a search by the ATLAS collaboration [57] and roughly 5% from a CMS search [58] . In addition, since we are looking at associated production of the resonance with a high p T jet, the determination of the absolute jet energy scale and resolution becomes also source of systematics. However, a recent study by the ATLAS collaboration on jet calibration and systematics at √ s = 13 TeV estimates this at the level of 1% for jets with p T > 200 GeV [59] . The most important systematic is from the uncertainty on the signal and background cross section which arises from using only tree level computations for the signal. For the background, we have used next-to-leading order cross section, and the signal to background ratio is relatively large, so this systematic will be subdominant. For the signal, however, this correction can be quite large, for example the NLO correction to inclusive φ production is O(50%) for the gluon initial state [10, 60] . The calculations for Higgs + jet exist at next-to-next-to leading order [61] , so there should be no obstruction to extending those to a new resonance should it be discovered. The method developed in this work can be straightforwardly modified to include systematics, but most of the systematics are small or can be kept under control.
In addition, the possibility of measuring the value of Λ rather than placing a lower limit based on the amount of data collected at a high energy collider is worth studying further. One may in principle carry out a bin by bin analysis of the target distribution and maximize a likelihood function based on Poisson distributed number of events in each bin to extract the value of Λ that best fits the data. This is especially useful if the scale Λ is low and then ultimately a very precise measurement will be possible, but we leave the details to future work.
In this analysis we have assumed a spin-0 state but this does not qualitatively affect our results. We can see from comparing scalar and pseudo-scalar in Fig. 3 that the Lorentz quantum numbers are not very important. The scaling with cross section for different values of Λ is the dominant effect, and that can be derived essentially from dimensional analysis.
One can also imagine changing the size of the EFT couplings, c i . If they are all reduced by the same amount, then the cross section simply decreases, but all normalized distributions used in this study remain unchanged. If one increases c 2 relative to c 1 , then the sensitivity to the scale Λ will improve. The relative sizes of the c s are a priori unknown, but one could imagine studying this further in particular UV theories where it can be predicted.
The search program for physics beyond the Standard Model is on. Even though as yet no new physics has been discovered, we have taken the optimistic approach of preparing for a new discovery, focusing on a resonance that couples to gluons. Such a resonance is special because it must be described by a non-renormalizble theory or a loop process. Here we have shown that the structure of the interaction with gluons can be uncovered with sufficient data, independent of the nature of the states that mediate these couplings. We hope these techniques will be applied to a newly discovered resonance in the near future.
